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Abstract: The SiC/SiC joints were vacuum brazed at 700 ℃, 740 ℃, 780 ℃ and 800 ℃ for 10 min
respectively, using Ag–Cu–In–Ti active filler alloy. The microstructure and joining strength of the
joints were characterized by electron probe X-ray microanalyser (EPMA), energy dispersive
spectroscopy (EDS), transmission electron microscopy (TEM) and four-point bending strength test.
The interface of the joints was composed of three parts: SiC substrate, reaction layer and filler alloy. A
representative microstructure of the reaction layer: In-containing layer/TiC layer/Ti5Si3 layer was
found from the TEM image. The forming of the In-containing layer could be attributed to the crack or
delamination of SiC/TiC interface. The In-containing layer intensified the coefficient of thermal
expansion (CTE) mismatch of SiC and the reaction layer, and affected the joining strength. With the
increase of the reaction layer’s thickness, the joining strength firstly increased, then declined, and the
maximum four-point bending strength reached 234 MPa.
Keywords: Ag–Cu–In–Ti; SiC/SiC joints; reaction layer; microstructure; joining strength

1 Introduction
SiC ceramics have become one of the most promising
materials in many fields due to their excellent
combination of low density, high-temperature
resistance, high hardness and high thermal conductivity.
However, it is difficult to fabricate SiC components
with large size and complex shape because of the
limitation of high cost and the equipments. Ceramic
joining techniques provide a lower-cost and
higher-reliable method to solve the problem. Different
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ceramic joining techniques, including adhesive,
brazing, diffusion bonding, glass bonding and reaction
bonding, have been developed to meet different
demands [1–6]. Among these techniques, active
brazing attracts great interest for its high joining
strength and convenience in engineering applications.
Until now, a variety of active filler alloys, including
Ag–Cu–Ti, Cu–Ti, Ti–Si, Ni–Cr, Ni–Si–B, Co-base,
etc., are applied to join SiC ceramics [7–14]. Among
all these active filler alloys, Ag–Cu–Ti is popular
because of its good joining properties, and a lot of
research focuses on the interfacial reaction between
active element Ti and SiC substrate. Iseki et al. [15],
López-Cuevas et al. [16] and Iwamoto and Tanaka [17]
systematically investigated the reaction layer’s

Journal of Advanced Ceramics 2014, 3(1): 71–75

72

microstructure and composition of SiC/Ag–Cu–Ti, and
found that the classical interfacial reaction layer of
SiC/Ag–Cu–Ti is composed of TiC layer and Ti5Si3
layer. The thickness, microstructure and composition
of reaction layer have great influences on the joining
strength [8,18].
In this work, a newly formed reaction layer structure
was found when another lower-melting-point
Ag–Cu–In–Ti active filler alloy was used to join SiC
ceramics. In-containing layer was found to sit between
SiC substrate and TiC layer. In order to clarify the
formation mechanism of the newly formed reaction
layer, electron probe X-ray microanalyser (EPMA),
energy
dispersive
spectroscopy
(EDS)
and
transmission electron microscopy (TEM) techniques
were employed to investigate the interfacial
microstructure. In addition, the effects of the newly
formed reaction layer on the joining strength of
SiC/SiC joints were discussed.

2 Experimental procedure
The sintered SiC bars used in this experiment were
home-made, which contained a little carbon black and
boron carbide as sintering aids. The average four-point
bending strength and relative density of the sintered
SiC bars are greater than 380 MPa and 99.8% of the
theoretical density, respectively. The SiC bars with
dimensions of 3 mm × 4 mm × 35 mm were ground at
the surfaces of 3 mm × 4 mm (as joining surfaces) with
180 mesh diamond wheels. The thickness of
Ag–Cu–In–Ti filler alloy foil (with composition of
Ag – 27.25wt%Cu – 12.5wt%In – 1.25wt%Ti, Wesgo
metal division, Morgan Advanced Ceramics Inc,
U.S.A.) is 50 μm. Prior to joining, the SiC bars and the
filler alloy foils were ultrasonically cleaned in acetone
for 15 min and assembled into a jig with a sandwich
structure of SiC/filler alloy/SiC. The joining was carried
out at 700 ℃, 740 ℃, 780 ℃ and 800 ℃ for 10 min in a
vacuum of 5×103 Pa, respectively. The samples were
heated to brazing temperature at a rate of 8 ℃/min and
cooled naturally after the process of holdingtemperature. Six samples were prepared at each
brazing condition. The joining strength of the samples
was measured by four-point bending strength test on an
Instron 5566 mechanical testing system with a
displacement rate of 0.5 mm/min. The samples were
ground and polished for EPMA test. Specimens with
thickness of 0.5 mm for TEM test were treated by ion

beam. The microstructure of the interface was
observed by EPMA (JXA-8100, JEOL, accelerating
voltage of 20 kV) and TEM (JEM-2010, JEOL,
equipped with EDS, accelerating voltage of 200 kV).
The thickness of reaction layers was measured from 10
different points on the EPMA and TEM images by
Image-Pro Plus software and the average value was
adopted.

3

Results and discussion

3. 1

Reaction layer microstructure of SiC/SiC
joints

Figure 1 shows the interfacial microstructure and
element map-scanning analysis of SiC/SiC joints
brazed by Ag–Cu–In–Ti filler alloy at 780 ℃ for
10 min. It reveals that the interface is composed of
three parts: SiC substrate, reaction layer and filler alloy.
The reaction layer connects SiC substrate and filler
alloy tightly, and the thickness is about 0.4–0.5 μm.
From the element map-scanning analysis, it can be
found that grey phases are Cu and white phases mainly
comprise Ag and In. Ti distribution peak appears in the
reaction layer. In order to clarify the microstructure
and composition of the reaction layer, TEM study was
carried out. It can be found from the TEM image, as
shown in Fig. 2, that the interface is composed of five
layers (marked as layer 1 to layer 5). The boundaries
between different neighboring layers are very clear.
Layer 1 and layer 5 are on the edges of the interface,
which are inferred as the SiC substrate and filler alloy
(later confirmed by EDS), respectively. Therefore, the
reaction layer is composed of three parts: layer 2, layer

Fig. 1 Interfacial microstructure and element mapscanning analysis of SiC/SiC joints.
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Table 1
Chemical composition of different
positions in the reaction layer
Position
Layer 1
Layer 2
Layer 3
Layer 4
Layer 5

Fig. 2

C
64.9
6.6
23.4
—
5.3

Si
31.4
27.7
9.5
46.8
29.2

Composition (at%)
Ag
Cu
1.0
1.3
43.2
7.8
1.0
5.7
—
—
51.3
12.5

In
—
8.1
—
—
—

Ti
1.4
6.6
60.4
53.2
1.7

TEM image of the reaction layer.

3 and layer 4. The thickness of layer 2 is about 50 nm,
and the thickness of layer 3 is about 110–120 nm.
Layer 4 is composed of many connecting grains, which
means that the thickness of layer 4 is determined by
the grain size. The grain size of layer 4 ranges from
200 nm to 380 nm. Compared with the reaction layer
brazed by Ag–Cu–Ti filler alloy, layer 2 is a newly
formed structure [18].
In order to identify the composition of the formed
layers, EDS analysis was carried out. The results are
shown in Table 1. The composition of layer 1 is
consistent with SiC, indicating that layer 1 is the
substrate itself. Layer 2 is composed of elements In, Si
and Ag, and a little Ti, C and Cu. It is only in layer 2
that the element In was detected. Then, layer 2 is called
In-containing layer. According to the results of EDS,
the content of indium in layer 2 is about 8.1 at%, and
the thickness of layer 2 is about 50 nm. However, the
thickness of the as-received active filler alloy
(including 12.5 wt%, i.e., 9.8 at% In) is 50 μm.
Therefore, only about 0.1% of indium enters into the
reaction layer, and most of indium stays in the filler
alloy. The element map-scanning analysis of the joints
confirms that most indium keeps in the white phases of
the filler alloy. The formation mechanism of layer 2
and its effect on the joining strength will be discussed
in the later section. Layer 3 is composed of C and Ti,
and a little Ag, Cu and Si, and layer 4 is composed of
only Ti and Si. To confirm the accurate phase structure,
electron diffraction was used to detect layer 3 and layer
4. Figure 3 shows the electron diffraction patterns of
layer 3 (Fig. 3(a)) and layer 4 (Fig. 3(b)). It can be
found that layer 3 is TiC phase and the diffraction

Fig. 3 Electron diffraction patterns of (a) layer 3
and (b) layer 4.

pattern is polycrystalline rings, which means that the
grain size of TiC is nanoscale. Grains of layer 4 are
confirmed as Ti5Si3 phase. Layer 5 is composed of
elements Ag, Cu and Si, and a little C and Ti, which
is confirmed as the filler alloy. Therefore, a
representative reaction layer of SiC/SiC joints brazed
by Ag–Cu–In–Ti filler alloy is In-containing layer/TiC
layer/Ti5Si3 layer.
In-containing layer is adjacent to SiC substrate and
TiC layer, containing Ag, In, Si and Ti. Some active
element Ti is kept in the In-containing layer after
the interfacial reaction of SiC/Ag–Cu–In–Ti. The
remaining Ti does not react with SiC or transform into
TiC and Ti5Si3, which is different from the interfacial
reaction of SiC/Ag–Cu–Ti. The remainder of active Ti
in In-containing layer leads to the decrease of the
reaction layer’s thickness. The formation mechanism
of In-containing layer can probably be attributed to the
crack or delamination of TiC/SiC interface. According
to Iwamoto and Tanaka’s research on the interfacial
reaction of SiC/Ag–Cu–Ti [8], the brazing alloy melts
and Ti diffuses to the boundary of SiC/Ag–Cu–Ti at
brazing temperature, where Ti reacts with SiC rapidly
to produce TiC and Ti5Si3. The interfacial reaction can
be described as follows:
Ti + SiC = TiC + Si
(1)
(2)
5Ti + 3Si = Ti5Si3
With the development of interfacial reaction, SiC
decomposes gradually and TiC nucleates at the
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boundary, accompanying with the movement from
interface to SiC side. Finally, Ti is consumed
completely and transformed into TiC and Ti5Si3.
However, it is different in our work from those
reported results. An In-containing layer is found
between SiC substrate and TiC layer. It is speculated
that during the interfacial reaction, the interface of
SiC/TiC crakes or delaminates, leading to the nearby
liquid brazing alloy flowing into the formed gap
between SiC and TiC. When the brazing temperature
cools down, the liquid brazing alloy including Ag, Cu,
In, Ti and Si and C (decomposed products of SiC)
freezes between SiC and TiC, which leads to the
formation of In-containing layer.
3. 2
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Fig. 4 Effect of the reaction layer’s thickness on
the joining strength of SiC/SiC joints.

Effect of reaction layer on the joining
strength

Figure 4 shows the effect of reaction layer’s thickness
on the joining strength of SiC/SiC joints brazed using
Ag–Cu–In–Ti filler alloy. It can be found that with the
increase of brazing temperature, the reaction layer’s
thickness rises monotonously. However, the joining
strength first increases then declines, and the
maximum four-point bending strength of the joint
reaches 234 MPa. The similar trend also can be found
in the joints brazed using Ag–Cu–Ti [18], and the
optimized reaction layer’s thickness is about 0.8–
0.9 μm. However, in this work, once the reaction
layer’s thickness exceeds 0.4 μm, the joining strength
begins to decrease. The thickness of reaction layer has
significant effect on the joining strength. On one hand,
thin reaction layer resulting from insufficient
interfacial reaction leads to poor joining strength. On
the other hand, thick reaction layer also degrades the
joining strength due to the coefficient of thermal
expansion (CTE) mismatch. Before 740 ℃, interfacial
reaction is the predominant factor to determine the
joining strength. However, when the brazing
temperature is higher than 740 ℃, the CTE mismatch
of SiC and reaction layer becomes the predominant
factor to determine the joining strength. In addition,
the In-containing layer, comprising many metallic
elements with high thermal expansion, such as In, Ag
and Ti, intensifies CTE mismatch of SiC substrate and
reaction layer. Therefore, the reaction layer’s thickness
has more important influence on the joining strength in
the joints brazed by Ag–Cu–In–Ti. Figure 5 shows the
fracture path of SiC/SiC joints brazed at different
temperatures. The fracture occurs at SiC substrate near

Fig. 5 Optical image of fracture path for the
SiC/SiC joints.

the interface for the joints brazed at 700 ℃ and 740 ℃.
However, the fracture is observed at the interface of
SiC and reaction layer for the joints brazed at 780 ℃
and 800 ℃, indicating that residual stress caused by
the CTE mismatch of SiC and reaction layer is
responsible for the fracture.

4

Conclusions

Compared with Ag–Cu–Ti filler alloy, Ag–Cu–In–Ti
active filler alloy not only decreases the brazing
temperature, but also changes the reaction layer’s
microstructure of SiC/SiC joints. A representative
reaction layer’s microstructure: In-containing layer/
continuous TiC layer/discontinuous Ti5Si3 layer is
found. The formation of In-containing layer can be
attributed to the crack or delamination of SiC/TiC
interface. With the increase of reaction layer’s
thickness, the joining strength first raises, then declines,
and the maximum four-point bending strength reaches
234 MPa. The In-containing layer with higher CTE
intensifies CTE mismatch of SiC and reaction layer,
leading to the deterioration of the joining strength.
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